Purpose. Persister cells, a subpopulation of tolerant cells within the bacterial culture, are commonly thought to be responsible for antibiotic therapy failure and infection recurrence. Klebsiella pneumoniae is a notorious human pathogen for its increasing resistance to antibiotics and wide involvement in severe infections. In this study, we aimed to investigate the persister subpopulation of K. pneumoniae.
INTRODUCTION
Antibiotic therapy failure is recognised as a global crisis in modern medicine that is typically attributed to resistance. Studies have uncovered many genetic-molecular mechanisms of resistance that caused a significant reduction in the effective concentration of the antibiotics [1] . But this is only part of the story. It has long been realised that the formation of persisters in the bacterial population allows a small subpopulation of bacterial cells to survive high concentrations of antibiotic exposure. Persisters were first discovered and named by Joseph Bigger in 1944 [2] . To date, persister cells are found to be ubiquitous among different bacterial species and have been well described in major pathogens like Escherichia coli [3, 4] , Staphylococcus aureus [5] , Pseudomonas aeruginosa [6, 7] and Mycobacterium tuberculosis [8, 9] . Studies also showed that antibiotic tolerance by persisters not only causes antimicrobial treatment failure, but also facilitates the evolution of resistance [10, 11] . Moreover, studies have revealed a more direct link between persister cells and recurrent infections, such as tuberculosis and cystic fibrosis pneumonia [12] [13] [14] [15] . Due to the clinical importance, persisters are becoming a cause of worldwide concern.
Persisters are defined as the surviving population when a bacterial culture is exposed either to increasing concentrations of bactericidal antibiotics or to a fixed concentration over a longer time, and constitute a minority of antimicrobial tolerant cells without a heritable resistance mechanism [16, 17] . Persister cells are genetically identical to antibiotic susceptible cells within a population with equal minimal inhibitory concentration (MIC) values, but have a distinct phenotype in that they are tolerant to antibiotics at concentrations that would otherwise be lethal [18] . In fact, persister cells are shown to pre-exist in the bacterial populations before the addition of antibiotics, being slow growing or dormant by phenotypic switching [19, 20] . Upon removal of antibiotics, the surviving persisters regrow to a new heterogeneous population containing again tolerant and sensitive subpopulations, in a similar way as the original culture [21] .
The Balaban group coined the terms 'Type I persisters' and 'Type II persisters' to describe two different types of persisters that exist in the bacterial culture [19] . Type I persisters constitute a preexisting subpopulation of nongrowing cells whose number is dependent of the size of the inoculum from stationary phase and are characterised by an extended lag time. Type II persisters, on the contrary, constitute a small fraction of slowly growing cells whose number is proportional to the total number of growing cells and have an order of magnitude slower growth rate than non-persisters in E. coli [19] . Generally, the presence of persisters is deduced by a typical biphasic killing curve after antibiotic treatment, with a rapid initial killing of susceptible cells followed by a plateau phase where only persister cells survived [17] .
Klebsiella pneumoniae, belonging to the Enterobacteriaceae family, is a Gram-negative, encapsulated opportunistic pathogen that resides in the mouth, skin, gastrointestinal tract, as well as in medical devices [22] . K. pneumoniae is an important cause of a wide range of infections, including, but not limited to, urinary tract infections, pneumonia, pyogenic liver abscesses, endogenous endophthalmitis and surgical wound infections [23] . Due to the recent emergence and spread of hypervirulent and antibiotic resistant strains, K. pneumoniae has gained notoriety as an infectious agent due to a rise in the number of severe infections and the increasing scarcity of effective treatments [24] . Antibiotictreatment failure of K. pneumoniae infections has been attributed largely to the acquisition of additional resistance genetic traits [25] . Besides, the bacterial biofilm is thought to be another cause of therapy failure of K. pneumoniae for the presence of antibiotic-tolerant persisters that usually facilitate persistence infections [26] .
In this study, we investigated the persister formation ability of laboratory strain K. pneumoniae NTUH-K2044 upon exposure to different types of antibiotics and the persister levels of different clinical strains. We examined whether antibiotic mixtures can eradicate tolerant persister cells of K. pneumoniae. We analysed the effects of low concentrations of antibiotics, as well as the contribution of bacterial growth phase on persister levels. Additionally, we investigated the presence of Type II persisters before the arrival of stationary stage in K. pneumoniae. In summary, our results demonstrate that K. pneumoniae can form high levels of persisters that enable survival after treatment with high concentrations of bactericidal antibiotics and that low doses of antibiotics can induce persister formation. We also reveal that the persister level is growth-phase dependent and Type II persisters dominate the surviving cells during the entire exponential phase of K. pneumoniae.
METHODS
Bacterial strains, media and growth conditions The K. pneumoniae strains investigated in the present study are listed in Table 1 . The K. pneumoniae NTUH-K2044, a strain that was isolated from a patient with primary liver abscess [27] , was kindly gifted by professor Jin Town Wang of the National Taiwan University Hospital, Taipei, Taiwan. K. pneumoniae clinical strains were isolated from clinical samples at Zhengzhou First People's Hospital (Henan, China). All bacterial strains were grown on Luria-Bertani (LB, Difco Laboratories) agar plates or in LB broth at 37 C.
Antibiotics and minimal inhibitory concentration determination
The bacterial cells were exposed to the following antibiotics: polymyxin B, ofloxacin, ceftazidime, imipenem and gentamicin. All chemicals were purchased from Sigma-Aldrich. Stock solutions of these antibiotics were prepared in sterile MilliQ water and stored at À80 C. For each study, antibiotic stocks were thawed and subsequently diluted in sterile water to the desired concentrations. The MIC value of each antibiotic was investigated in duplicate by a broth microdilution assay using serial twofold dilution in 96-well plates as described before [28] . Plates were incubated at 37 C and visually scored for growth or no growth at 16 h. The MIC was determined as the lowest antibiotic concentration not permissive for visible growth.
Persister assays
The persister formation of K. pneumoniae was examined by exposure of stationary grown bacteria to high concentrations of bactericidal antibiotics. Stationary growth phase cultures were prepared by inoculating a single colony of K. pneumoniae into 4 ml LB broth for 16 h. 250 µl of stationary phase cultures were resuspended in 250 µl fresh medium containing antibiotics. For concentration-dependent kill curves, the final concentrations of antibiotics are of 5-, 20-, 50-, 100-or 200-times the MIC. Samples were incubated under static condition at 37 C for 4 h. For time-dependent kill curves, stationary phase cultures were treated with 100-fold MIC of imipenem or polymyxin B for 0, 1, 2, 4, 8, 12 and 24 h. After antibiotics challenges, bacterial cells were collected by centrifugation at 5000 g; for 5 min, washed and 
Killing of persister cells by combination treatments
To determine whether the antibiotic combinations allows the killing of K. pneumoniae NTUH-K2044 persisters, the stationary grown bacteria were treated with high concentrations of imipenem and polymyxin B or gentamicin combination. Samples were incubated statically at 37 C and bacterial cells were collected at 0, 1, 2, 4, 8, 12 and 24 h. The surviving bacteria after antibiotic challenge were examined by plate counting as described above.
Antibiotic induction and persister measurement
Overnight culture of K. pneumoniae NTUH-K2044 was diluted 1 : 100 into fresh LB broth and allowed to grow at 37 C with shaking at 180 r.p.m. for 2 h, until the bacteria reached exponential phase. The culture was then exposed to 0, 0.5-, 1-, 2-and 5-fold MIC of imipenem, or to 0, 0.2-, 0.4-, 0.8-and 2-fold MIC of ofloxacin for another 2 h. Following this, bacterial cells were challenged with 100-fold MIC of imipenem or ofloxacin for 4 h as described above. The number of cells before and after antibiotic challenge was examined by plate counting as described above.
Determination of persister levels of different growth phases
To allow comparison of persister levels in the population of different growth phases, an overnight culture of K. pneumoniae NTUH-K2044 was diluted 1 : 100 into fresh LB broth and incubated at 37 C with shaking. Bacterial cells were harvested at time points of 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 6, 8, 12 and 16 h, followed by exposure to 100-fold MIC of imipenem, respectively. The number of cells before and after antibiotic challenge was examined by plate counting as described above.
Persister elimination assays
Test for persister cell elimination was performed as previously described by Willenborg et al. [29] , with little modifications. An overnight culture of K. pneumoniae NTUH-K2044 was diluted 1 : 100 into fresh LB medium and incubated at 37 C. Till bacteria reached early exponential phase (OD600~0.2), aliquots of this culture were incubated 1 : 10 into fresh LB medium to OD600~0.2 for a further cycle and treated with 100-fold MIC imipenem for 4 h, independently. The dilution/growth cycle and the subsequent antibiotic treatments were repeated for three times in this assay. For each cycle, the initial inoculum before and the number of persisters after antibiotic challenge were determined by c.f.u. enumeration, as described above.
Statistical analysis
Statistical analysis was performed with the GraphPad Prism version 6.0 software. Data from each biological replicate were log 10 transformed using Microsoft Excel before analysis. Statistical significance was analysed using Student's t-tests and a level of P< 0.05 was considered as significant difference. The lack of a statistical bar indicates that no significance exists.
RESULTS
Identification of the persister subpopulation in K. pneumoniae Since persister cells are characterised by their tolerance to the concentrations of different antibiotics that are much higher than their MICs [2] , we firstly determined the MICs of five antibiotics to K. pneumoniae NTUH-K2044, a hypervirulent and hypermucoviscous serotype K1 strain, using a broth micro-dilution assay (Table S1 , available in the online version of this article). To investigate the persister subpopulation, we performed the antibiotic-killing experiments by exposing stationary-phase K. pneumoniae to increasing concentrations of antibiotics for 4 h. As shown in Fig. 1 , biphasic killing patterns were observed in treatment of K. pneumoniae NTUH-K2044 with imipenem, gentamicin as well as ofloxacin, which showed an initial rapid killing of the bulk of cells followed by a plateau of surviving persisters of 10 5 to 10 6 c.f.u. ml
À1
, corresponding to 0.026-0.74 % of the pre-treatment population. When we applied polymyxin B, higher doses of the antibiotic decreased survival effectively, but a small fraction of persister cells tolerant to killing was evident. In the case of ceftazidime, however, no significant killing was observed even if the concentration increased. The results indicate that the surviving persisters after antibiotic treatments show different degrees of tolerance depending on different antibiotics.
Since persister cells also refer to the surviving subpopulation when a bacterial culture is subjected to a prolonged treatment by a fixed high concentration of antibiotic [30] , we performed antibiotic-killing experiments by exposing stationary-phase K. pneumoniae NTUH-K2044 to 100-fold MIC of imipenem or polymyxin B over a 24 h period. Results showed that imipenem treatment caused timedependent killing with a rapid decrease of bacterial c.f.u. numbers by about three orders of magnitude within the first two hours; while from 4 h and onward, a stable subpopulation of cells by about 10 5 c.f.u. ml À1 survived (Fig. 2a) . Similarly, the bulk of bacterial population was also rapidly killed within the first two hours upon polymyxin B treatment, while a slight increase in the number of c.f.u. was detected at 8 h, followed by a plateau phase in the following hours (Fig. 2b) . Collectively, these results reveal that K. pneumoniae NTUH-K2044 is capable of producing persister cells that tolerate high concentrations of bactericidal antibiotics.
K. pneumoniae persisters tolerate combinations of different antibiotics
Since polymyxin B was shown to be a viable treatment option in combination with a carbapenem against K. pneumoniae [31] , we investigated the killing ability of imipenem and polymyxin B mixture on the persisters. We applied 100-fold MIC of antibiotic mixture and the result showed that a bacterial subpopulation still survived at 24 h, despite the rapid and apparent initial killing of the bulk of cells (Fig. 2c) . In clinical medicine, a carbapenem is also frequently used to treat K. pneumoniae infections in combination with aminoglycoside antibiotics, like gentamicin [32] . In this study, we performed detailed concentration-based killing experiments in K. pneumoniae NTUH-K2044 using mixtures of imipenem and gentamicin (Fig. 3) . As a result, nearly no killing was observed after treatment with 1-fold MIC of antibiotic combination. In the case of 5-or 10-fold MIC, a biphasic killing curve was observed with a rapid decrease of bacterial c.f.u. within the first hour followed by a plateau of surviving drug-tolerant persisters. When we applied 20-or 100-fold MIC of antibiotic mixture, an initial rapid killing of the bulk population was observed, followed by an undetectable level of surviving cells at 4 and 8 h. However, this was not a complete elimination, since~10 4 c.f.u. Table S2 . Upon 100-fold MIC of imipenem exposure, classic biphasic kill curves were induced in all strains during a period of 8 h, showing an initial rapid bacterial killing followed by a plateau of high levels of surviving cells, corresponding to 0.78-2.54 % of the pre-treatment population (Fig. 4) . These results show that the formation of persister Low concentrations of antibiotics elevate persister level of K. pneumoniae Next, to examine whether low concentrations of antibiotics induce persister formation, exponentially growing cells were pre-exposed to low levels of antibiotics followed by killing with higher dose of the same antibiotic. As shown in Fig. 5a , 0.5-and 1-fold MIC resulted in about 17-and 190-fold higher persister level when comparing to the non-induced group, respectively. Two-fold MIC of imipenem failed to induce the persister formation for some unknown reasons. Unexpectedly, when the drug dose raised to 5-fold MIC, the persister level was significantly elevated again, which suggests an adaptive process. In the case of ofloxacin, the initial low dose of drug (0.2-, 0.4-, 0.8-or 2-fold MIC) caused a 5.84-to 31.37-fold increase in the level of persisters (Fig. 5b) , indicating a significant induction effect of low levels of ofloxacin on persister production in K. pneumoniae. Furthermore, we examined the MIC values of surviving persisters and no more than twofold of deviation from the ancestor's MIC was found, suggesting that the surviving cells are not resistant mutants, and the tolerance characteristics are displayed indeed by persisters. The K. pneumoniae persister level is growth phase-dependent We assumed that low levels of persisters formed in exponentially growing culture while a drastic increase in persister levels occurred at the onset of stationary growth phase, as reported in several bacterial species [33, 34] . To test this assumption, we investigated the persister formation along the growth stages in a growing culture by treatment with 100-fold MIC of imipenem (Fig. 6a) . Imipenem was selected for this experiment for its treatment resulted in a distinct biphasic killing curve, as indicated above (Fig. 2a) . The levels of surviving persisters from lag to stationary phase are shown in Fig. 6b . We found that the persister formation ability showed no significant difference during the entire lag and exponential phases, with 0.016 to 0.068 % of the bacterial population surviving antibiotic killings. While, a sharp increase of persister level was observed in late stationary phase cultures, in which the amount of antibiotic-tolerant cells can reach about 2.45 % of the bacterial population. These results indicate that the stationary cells are more tolerant toward imipenem killing than exponential-phase cells, revealing that the level of persisters is dependent of growth phase of K. pneumoniae.
Type II persisters dominate the persisters during exponential phase It is reported that Type I persisters are generated at stationary phase, whereas Type II persister arise stochastically within a dividing population in E. coli [19] . The sharp increase in the persister level in late stationary phase suggested an intensive generation of Type I persisters of K. pneumoniae (Fig. 6b) . The aim of the present experiment was to investigate the presence of Type II persisters of K. pneumoniae before the arrival of stationary stage. For this purpose, persister elimination assays were performed. In this procedure, the Type I persisters that were proposed to be left over from the stationary phase were supposed to loose or be diluted by repeated re-inoculation of early exponential culture, while the Type II persister levels should be remain constant [29] . As shown in Fig. 7 , when the bacterial culture was sequentially grown to early exponential state for three cycles, the proportion of surviving persisters after 4 h of imipenem treatment did not decrease along with the reinoculation cycles, but remained nearly the same level from each other. This finding indicates that the antibiotic-tolerant persister cells in the exponential phase appear not a carryover from the stationary state inoculum, but are continuously generated during growth, suggesting that the persister subpopulation are dominated by Type II persisters during exponential-growth stage in K. pneumoniae.
DISCUSSION
Bacterial persistence is presently recognised as a major cause of antibiotic therapy failure, causing subsequent intractable infections [2] . At present, persister cells have been described not only in extensive bacterial species, but also in eukaryotes such as yeast [35] . Even human cancer cells are identified to form persister-like cells that contribute to therapy failure and promote development of drug resistance [17] . Better understanding of the persister formation is important in regard to developing superior therapeutic strategies against recurrent infections as well as improving our combat power against the ongoing antibiotic crisis.
Persisters have been described in K. pneumoniae in recent two years [36, 37] . Given that K. pneumoniae is a major source of bacterial antibiotic resistance [25] , and that antibiotic tolerance by persisters is closely related to the establishment of resistance mechanisms [11] , more deep exploration into the persister subpopulation in this bacteria remains to be done. Moreover, recalcitrant infections related to K. pneumoniae may also suggest an indispensable role of persisters in escaping from or tolerating the host immunity. In this study, the persisters in laboratory strain K. pneumoniae NTUH-K2044 was determined by the 'biphasic killing' phenomenon of bacterial cultures upon exposure to different high levels of bactericidal antibiotics, alone and in combinations. In particular, one recent study has reported that combination of polymyxin B and meropenem, a carbapenem, eradicates persister cells of Acinetobacter baumannii [38] . However, high dose of polymyxin B and imipenem mixture could not eliminate persister cells of K. pneumoniae in our experimental conditions. This difference may be due to different bacterial species and suggests persisters of K. pneumoniae to be more refractory. For another, we used imipenem, instead of meropenem, in the combination treatment, which provides an alternative explanation for this result.
A noteworthy finding in our work was that the number of surviving cells dropped quickly in the first 2 h but then increased in the following few hours, until a stable level was reached, upon exposure to 100-fold MIC of polymyxin B (Fig. 2b) or imipenem and polymyxin B mixtures (Fig. 2c) . Besides, the similar revival phenomenon also happened in time-kill curves of K. pneumoniae treated with mixture of imipenem and gentamicin (Fig. 3) , in which the surviving cells could not be detected in the initial hours, followed by an unexpected revival at 12 h. Unchanged MIC values excluded the possibility that tolerant cells were resistant mutants. We suspect that the high dose of antibiotic may cause a 'viable but not culturable (VBNC)' state in a subpopulation of cells that do not regrow as a colony [39] . Therefore, during a certain time period, the number of surviving cells appears as a dramatic reduction, even under the detection limit. Then, as time goes on and these VBNC cells seem to resuscitate for some unknown reasons, which constitutes a subpopulation of persisters and thus elevates the amount of culturable surviving cells, although the antibiotic stress has not been removed. Thus, one could speculate that VBNC formation may be induced by a specific antibiotic stress as an effective survival strategy, while duration of antibiotic exposure makes adaptation response that renders non-growing but culturable persisters. Additionally, potential bacterial sedimentation or changes in oxygen levels caused by static incubation during antibiotic treatment might be a potential factor to result in this revival phenomenon.
It is known that the Balaban group characterised the Type I and Type II persisters in E. coli [19] . In our work, we observed an intensive generation of Type I persisters of K. pneumoniae in late stationary phase, responding to environmental stimuli. And, we confirmed that Type II persisters, whose number is proportional to the total number of growing cells, dominated the persister subpopulation of K. pneumoniae before the bacterial culture reaches stationary stage. This proposition was also supported by the result that the persister fraction remains constant during the entire exponential phase (Fig. 6b ). In contrast, the work by the Willenborg group demonstrated the dominating role of Type I, but not Type II persisters in the early exponential phase of Streptococcus suis [29] , which suggests a different constitution in the persister subpopulation in different bacterial species.
Collectively, our study confirms that K. pneumoniae is capable of forming persister cells that tolerate high concentrations of antibiotics. The presented data suggest that low levels of antibiotics and environmental stimuli from stationary phase significantly induced persister formation in K. pneumoniae. Stationary-phase growth of the bacteria is of close clinical relevance, especially in the context of chronic infections, and a bacterial population is usually exposed to sub-bactericidal dose of antibiotics in natural environments or during treatment, which seriously challenge our ability to treat persistence infections. Further studies are needed to dissect the roles of persister cells in recurrent infections and antibiotic resistance of K. pneumoniae, which are critical for a better outlook on future therapies. 
